, and E. coli survives exposure to alkaline seawater but does not grow 8 . Survival and growth under acid or alka line stress involve changes in cell structure, metabolism and transport patterns.
Extremely acidophilic bacteria and extremely alkaliphilic bacteria grow at pH 1.0-3.0 and pH 10.0-13.0, respec tively
. Environments inhabited by extreme acido philes include mining and geothermal areas, and acidic soils in which sulphate is the major anion 9 ; environments inhabited by extreme alkaliphiles include natural envi ronments such as alkaline soda lakes and highly alka line segments of the hindgut of certain insects, as well as industrial settings such as indigo dye plants, sewage plants, and geochemically unusual groundwaters with pH values of >12 (REFS 10, 11) . These extremophiles use many of the same strategies observed in neutralophiles, further adapting them to respond to more extreme challenges. Typically, the proteins involved in the main pH home ostasis mechanisms of extremophiles are constitutively expressed, so that these bacteria are prepared for sudden shifts to the extreme end of the pH range. This prepared ness often negatively affects growth at nearneutral pHs because of the energetic cost of expressing proteins that are not useful at neutral pH and because some essential proteins are adapted to work at extreme pH values but function suboptimally at neutral pH 12, 13 . Bacterial pH homeostasis is important for physiol ogy, ecology and pathogenesis. Unravelling the phenom enology of bacterial pH homeostasis has depended on the continued refinement of techniques that accurately measure internal and external pH (recently reviewed in REF. 3 ; see BOX 2) . Here, we first present an overview of pH homeostasis mechanisms in bacteria (see other reviews for discussions of archaea 3, 14 ) and then focus on recent structure-function insights into specific mol ecules that come from three different bacteria and have pivotal roles in pH homeostasis. 
Alkaliphilic bacteria
Bacteria that can grow at a high external pH; extremely alkaliphilic bacteria grow at an external pH of ≥10.0, whereas moderate alkaliphiles grow in the pH 9.0-10.0 range. The pH range for growth of facultative alkaliphiles extends down to pH 7.0-7.5.
Alkaline soda lakes
Highly alkaline lakes that are rich in dissolved sodium salts, especially sodium carbonate, sodium chloride and sodium sulphate. These lakes are found in many parts of the world.
Active strategies for bacterial pH homeostasis A major unifying principle of bacterial pH homeostasis is that, for each particular bacterial species, the demands of pH homeostasis determine the relative magnitudes of the two PMF components: the transmembrane electrical potential (Δψ) and the transmembrane ΔpH (depicted in BOX 1) . Under substantial pH stress conditions, both neutralophiles and extremophiles exhibit 'reversal' of the orientation of one PMF component from the usual orientations of negative inside and alkaline inside relative to outside. pH challenges met by direct active uptake or efflux of protons. A major strategy for bacterial pH homeo stasis is the use of transporters that catalyse active proton transport. These transporters include primary proton pumps, such as the protonpumping respira tory chain complexes or protoncoupled ATPases, and secondary active transporters, such as cation-proton antiporters, which use the PMF generated by respira tion or ATPases to energize active proton uptake in exchange for cytoplasmic cations such as Na + or K + . In respiratory bacteria, the PMF is generated by the respiratory chain. Under conditions of acid challenge, the neutralophile E. coli increases its expression of res piratory chain complexes that pump protons out of the cell (FIG. 1a) , whereas expression of the ATP synthase that brings protons into the cell during ATP synthesis is decreased 3 . In nonrespiratory neutralophiles, such as S. mutans, upregulation of the hydrolytic activity of F 1 F O ATPase promotes ATPdependent H + extrusion under acidic conditions 15 (FIG. 1a) . For pH homeostasis
Box 1 | The proton motive force (PMF) and diverse PMF patterns of bacteria
The proton motive force (PMF) is an electrochemical gradient of H + (protons) across the bacterial cell membrane or a specific organellar membrane (for example, the mitochondrial or thylakoid membrane). Typically, the PMF of bacteria consists of two components: a transmembrane pH gradient (ΔpH), which is alkaline inside the cell relative to outside, and a transmembrane electrical potential (Δψ), which is negative inside the cell relative to outside [139] [140] [141] . Exceptions to this pattern are found in connection with specific demands for cytoplasmic pH homeostasis, as shown below and discussed in the main text. PMF can be calculated as: PMF (mV) = Δψ -(2.3 × (RT / F) × ΔpH), in which R is the gas constant, T is the absolute temperature and F is the Faraday constant. ΔpH is calculated as (internal pH - external pH), and Δψ is calculated as (internal ψ -external ψ), with the convention being that Δψ is negative when the inner membrane surface is negative. Under standard conditions, the following approximation holds: PMF (mV) = Δψ -(59 × ΔpH).
Primary proton pumps generate the PMF in bacteria, as well as in mitochondria and during photosynthesis 141 . They include respiratory or other redox potential-driven pumps (for example, respiratory chain pumps), light-driven pumps (for example, bacteriorhodopsin) or bond energy-driven pumps (for example, proton-pumping ATPases). Secondary active transporters and rotary nanomachines, such as the ATP synthase and flagellar machinery of bacteria, respectively, can harness the energy of the PMF to energize active transport, synthetic processes and mechanical processes 141 . Examples of how these processes play a part in pH homeostasis of specific bacteria are discussed in the main text.
The PMF patterns of bacteria growing in different ranges of pH reflect the accommodation of pH homeostasis (see the figure, part a, which shows pH homeostasis for the acidophile Acidithiobacillus ferrooxidans growing at pH 2.0 (REF. 9 ), the neutralophile Escherichia coli growing at pH 7.0 (REF. 142 ) and the alkaliphile Bacillus pseudofirmus OF4 growing at pH 10.5 (REFS 120,143)). The extremely large ΔpH of acidophiles (internal pH > external pH) is partially offset by a Δψ that is 'reversed' (that is, positive inside relative to the outside). E. coli has only a small ΔpH (internal pH > external pH) when growing at pH ~7.0, accompanied by a substantial Δψ (negative inside relative to the outside). The total PMF in neutralophiles is lower than that in the acidophiles, and the cytoplasmic pH is higher. B. pseudofirmus OF4 maintains a cytoplasmic pH of 8.3, considerably lower than the external pH of 10.5 but above the cytoplasmic pH at which neutralophiles can grow. The Δψ of the alkaliphile is higher than that of the neutralophile but only partially offsets the effect of the large 'reverse' ΔpH in reducing the total PMF 13, 119 . The patterns of Δψ, ΔpH and cytoplasmic pH can be plotted over a range of external pH values for acidophilic A. ferrooxidans 113 figure, part b). The Δψ and ΔpH patterns illustrate the contrasting relationship between the magnitude of the two PMF components as a function of external pH, and also that there are different cytoplasmic pH levels and patterns in each type of bacterium.
Groundwaters
Waters that collect below the surface of the Earth, filling the porous spaces in soil, rocks and sediment.
Extremophiles
Organisms that grow under conditions (for example, pH, temperature, salt concentration, pressure, etc.) that are incompatible with growth for most organisms.
under alkaline conditions, active inward transport of protons is a crucial adaptation and usually involves acti vation and transcriptional upregulation of key cationproton antiporters (FIG. 1b) . In addition, E. coli increases the expression of nonprotonpumping cytochrome bd and decreases the expression of protonpumping respi ratory chain complexes to minimize proton loss from the cytoplasm during PMF generation. Meanwhile, pro ton capture is further enhanced by increased expres sion of F 1 F O ATP synthase 3, 16, 17 . In Grampositive Enterococcus hirae, F 1 F O ATPase works entirely in the hydrolytic direction, in which protons are pumped out of the cell. Under alkaline conditions, the expression and activity of F 1 F O ATPase complex are both greatly reduced, whereas the activity of a Na + pumping V 1 V O ATPase is upregulated and has the major role in Δψ generation 15, 18, 19 .
Generation of a substantial Δψ at high pH is crucial to support the central role of monovalent cation-proton antiporters in alkaline pH homeostasis in both respiratory and nonrespiratory bacteria 20 . 
Cytoplasmic buffering capacity
The capacity of the cytoplasmic contents to resist changes in pH on exposure to an acid or a base (that is, molecules possessing acidic or basic groups with pK values in the range of the challenge pH).
pI profiles
The relative representation of proteins (as predicted by the genome sequence) that have different pI values (isoelectric points, at which the protein has no net charge).
dominance. In E. hirae, the Na + pumping V 1 V O ATPase is activated at high pH, and a crucial part in alkaline pH homeostasis is played by a K + /H + antiporter (FIG. 1b) , whereas a Na + /H + antiporter, NapA, seems to be more involved in Na + homeostasis at lessalkaline pH values 24, 25 .
Regulation of proton consumption or generation by meta bolic enzymes. A second major strategy for pH homeo stasis is the remodelling of metabolic patterns to support pH homeostasis. Under acidic conditions (FIG. 1a) , there is increased expression of enzymes that catalyse reactions which consume cytoplasmic protons, including spe cific hydrogenases and amino acid decarboxylases 3, 16, 17 . During anaerobic acid challenge, E. coli upregulates hydrogenase 3, the enzyme that catalyses H 2 production from cytoplasmic protons, thus contributing to survival at pH 2.0-2.5 (REF. 26 ). In nonrespiratory S. mutans, the use of protonconsuming malolactic fermentation is pro posed to support acid tolerance 27 . Glutamate and arginine decarboxylases are cornerstones of the acid resistance response of E. coli and other enteric bacteria as they pass through the stomach. Glutamate decarboxylaseβ (GadB) is activated by gastric chloride ions and then consumes a proton during decarboxylation of glutamate to γaminobutyric acid (GABA). GadB partners with an antiporter (GadC) that catalyses efflux of the resulting GABA in exchange for more glutamate substrate for con tinued decarboxylation 7, 28 (FIG. 1a) . The consumption of the proton supports acid pH homeostasis. In addition, the conversion of cytoplasmic glutamate (with a net charge of -1) to GABA (with a net charge of 0) is proposed to contribute to a 'reversed' Δψ (BOX 1) that helps prevent proton leakage into the cells 7, 28 . Conversely, challenges by alkaline conditions (FIG. 1b) lead to upregulation of amino acid deaminases or catabolic pathways that pro duce organic acids 3 , as shown for tryptophan deaminase (also known as tryptophanase; TnaA) in E. coli 29, 30 .
Passive support of bacterial pH homeostasis Passive mechanisms of pH homeostasis are proposed to support the active mechanisms. Although no strong correlation has emerged between cytoplasmic buffering capacity and pH homeostasis capacity in bacteria 3, 31 , strategic changes in the proton permeability of the mem brane and in cell surface charges are thought to delay pro ton entry into or loss from the cytoplasm. For example, the proteomes of extremophiles have unusual pI profiles that may address functional needs but are also thought to provide a passive adjunct to the active mechanisms for pH homeostasis. Surface proteins of acidophiles such as Acidithiobacillus ferrooxidans and of Helicobacter pylori (which acclimates to acidity) have high pI values rela tive to their neutralophile homologues, so their positive charges could act as a transient proton repellent at the cell surface 32, 33 . The pI of the outer membrane OmpA like protein of A. ferrooxidans is 9.4, whereas that of E. coli OmpA is 6.2. Conversely, the surfaceexposed pro teins of alkaliphiles such as Bacillus pseudofirmus OF4 generally have low pI values relative to those of neutra lophiles, potentially contributing to proton capture and surface retention under the protonscarce conditions of high pH 21, 34, 35 . The pI of cytochrome c oxidase subunit 2 (CtaC), a respiratory protein that has a large domain just outside the cell membrane, is 4.4 in B. pseudofirmus OF4 and 8.6 in neutralophilic Bacillus subtilis.
Adjustments of membrane lipid [36] [37] [38] [39] and porin 3, 40 composition are also used to minimize inward proton leakage during acid stress (see examples in FIG. 1a) .
In acidophilic A. ferrooxidans, changes in membrane lipids are observed in response to a shift to pH 1.3 from the optimal pH 2.3 (REFS 41, 42) . In alkaliphiles, acidic secondary cell wall polymers such as teichuronic acids and an acidic Slayer protein, SlpA, contribute to pH homeostasis at high pH. These polymers may bind pro tons, perhaps enhancing proton uptake by increasing the proton concentration near the surface 12, 43 . Deletion of slpA from alkaliphilic B. pseudofirmus OF4 results in a reduced ability to adapt to a sudden shift from pH 7.5 to pH 11.0. The slpA mutant grows better than the wildtype bacterium at pH 7.5, presumably because the Slayer is energetically costly to synthesize but has no role at pH 7.5 except readiness for an alkaline shift 12 .
pH sensors and signalling elements A myriad of sensor networks, signalling molecules and regulatory proteins are involved in pH homeostasis as
Box 2 | Measuring pH and transmembrane electrical potential
The small size of bacterial cells has generally precluded the direct measurement of cytoplasmic pH and transmembrane electrical potential (Δψ) with microelectrodes.
Measurement of cytoplasmic pH and the transmembrane pH gradient
Weak permeant acids (for example, benzoic acid and 5,5-dimethyl-2,4-oxazolidinedione (DMO)) that are radioactive or fluorescent have been widely used to assess the transmembrane pH gradient (ΔpH) between the alkaline inside and the outside. Weak bases (for example, methylamine and related amines) have been used for the opposite orientation (acidic inside relative to outside). The probes used must enter the cells by diffusion and have a pK a (-log 10 K a , in which K a is the acid dissociation constant) in the pH range of the assay. The principle behind the ΔpH measurement is that the cytoplasmic accumulation of the probe relative to the probe level outside is directly related to the magnitude of the ΔpH 3, 139 . This principle holds because the uncharged, protonated acid probe or de-protonated basic probe will cross the membrane, whereas the charged forms will not. Once the probe is exposed to the cytoplasmic pH, its charged form becomes more abundant and is trapped in the cytoplasm 3 . The cytoplasmic pH can then be calculated from the ΔpH and the external pH. 31 P-NMR methods have also been applied to assess cytoplasmic pH, but high cell densities are required, which is problematic for aerobic cells 3 . There are several fluorescent pH probes, including 2′,7′-bis-(2-carboxyethyl)-5-(and 6)-carboxyfluorescein (BCECF) and Oregon Green, with spectra that directly reflect pH 146 . Using these probes, the pH is determined after dye uptake and spectral recording. Standard curves from which to calculate the cytoplasmic pH can be generated from spectra recorded from preparations in which the PMF is collapsed followed by equilibration at pH values in the range of interest. In 2007, Wilks and Slonczewski 89 introduced the use of pH-sensitive GFP fluorimetry, directly monitoring of the E. coli periplasmic and cytoplasmic pH.
Measurement of the transmembrane electrical potential
Measurement of Δψ is often included in studies of cytoplasmic pH homeostasis, as the orientation and magnitude of Δψ affects homeostasis strategies. Δψ measurements are most often conducted using membrane-permeant radioactive probes (such as triphenyl phosphonium and thiocyanate ( . Distribution of radioactive cations or anions is studied in an way that is analogous to that described above for weak acids or bases, using an appropriate calibration of the relationship of the signal to the concentration.
Two component systems
(TCSs). Protein systems that are usually composed of two multidomain proteins -a sensory histidine kinase and a response regulator -that sense and initiate a response to a stimulus such as a pH change. The localization of the sensory domain can support sensing of either external pH or cytoplasmic pH.
Discontinuous helices
Membrane-spanning helical protein segments that are interrupted in the middle by an extended non-helical region.
well as in overlapping homeostatic responses to sodium, osmotic, cell wall and reactive oxygen stresses [44] [45] [46] [47] [48] . These networks typically involve multiple transcription regula tors, alternative RNA polymerase σfactors and various DNAbinding proteins. For example, proteins involved specifically in the glutamate decarboxylationbased acid response of E. coli are regulated by ≥15 proteins that include alternative σfactors, arabinose operon regula tory protein (AraC)like gene regulators, LuxRrelated gene regulators, cyclic AMP receptor protein (CRP), the Eralike tRNA modification GTPase (TrmE; also known as MnmE), the histonelike protein HNS and at least two two-component systems (TCSs) 7, 49 . TCSs have major roles in pH homeostasisrelated signalling. Some TCSs sense external pH or cytoplasmic pH. In H. pylori, the TCS ArsRS (encoded by the loci HP0166 (ArsR) and HP0165 (ArsS)), directly senses the pH of the medium 50 , whereas FlgS (encoded by the locus HP0244), an orphan histidine kinase sensor, probably responds to cytoplas mic pH 51 . Other TCSs sense changes that are presumably secondary or anticipatory to a change in pH. For exam ple, in E. coli the reduction of TMAO (trimethylamine Noxide), which is found in enteric and aquatic environ ments, forms trimethylamine, which would alkalinize the cytoplasm; however, the TCS TorSR senses TMAO and induces TnaA, which produces acid to counteract this alkali production 52 . Evidence has also emerged for pHsensing roles of transporters that are directly involved in transporting protons to support pH homeostasis 53 . A paradigm for such a dual pHsensing effector is the NhaA antiporter of E. coli.
The sections that follow focus on transporters and enzymes that have key roles in pH homeostasis in three different bacteria. First, we discuss structure-function insights into the major cation/proton antiporter of E. coli, NhaA, that reveal the basis for its essential role in meeting the dual challenges of alkaline environments and elevated Na + levels. Then, we address how H. pylori acclimates to the intense acidity of the stomach using a strategy that depends on pH homeostasis of the periplasm. Finally, we look at the extremely alkaliphilic strain B. pseudofirmus OF4 and the unusual features of its key cation/proton antiporter and ATP synthase, both of which are needed for growth at pH >10. These examples illustrate the dif ferent patterns of adaptation that are found in bacteria for which genomic data, physiological studies of pH homeo stasis and detailed structure-function studies of one or more key molecules are available. [59] [60] [61] . For example, the human genome has nine Na + /H + exchangers (NHEs), and defects in one of these (NHE1; also known as SLC9A1) lead to heart hypertro phy, ischaemia and reperfusion 62, 63 . Furthermore, the human mitochondrial Na + /H + exchanger NHA2 may be involved in essential hypertension 61 . The purification of E. coli NhaA and its reconstitution in a functional form in proteoliposomes made it possible to unravel the properties that determine the role of this protein in E. coli pH homeostasis 53, 64 . First, NhaA catalyses a very fast rate of Na + /H + antiport activity (10 5 exchanges per minute) 64 . Second, NhaA catalyses electrogenic anti port that facilitates the maintenance of an internal pH that is below an alkaline external pH by consuming elec trical potential to maintain a 'reversed' ΔpH 2, 53 . Third, NhaA exhibits dramatic pH dependence, increasing its activity by three orders of magnitude between an external pH of 6.5 and one of 8.5 (REF. 64 ). Mutations in nhaA that disrupt any of these three properties result in a bacterium with an inability to grow at high pH 53, 55 .
Structure-function organization of NhaA. The elu cidation of the atomic structure of NhaA was a cru cial breakthrough 65 ; it facilitated our understanding of the functional organization of the antiporter in a threedimensional context, and it provided the basis for combining computational, biophysical and biochemical approaches to determine functional dynamics. NhaA is composed of 12 transmembrane segments that form a cytoplasmic funnel and a periplasmic funnel with a bar rier separating them (FIG. 2a) . The pH 'sensor' is a cluster of ionizable residues that, when mutated, change the pH profile but not the Na + /H + antiport capacity of the pro tein. Most of these residues are located at the orifice of the cytoplasmic funnel 53 , whereas the active site is at the bottom of the cytoplasmic funnel 65 (FIG. 2b,c) .
A new protein fold that is central to the transloca tion. The NhaA fold is composed of inverted topology repeats. Each repeat consists of three transmembrane segments (TMSs), one of which is interrupted by an extended chain in the middle of the membrane (the TMS IV-XI assembly) 65 (FIG. 2c) . The active site of NhaA is at the middle of the extended chains. This structure is delicately electrostatically balanced, a property that is thought to allow the rapid ion translocation which is observed after a pHinduced conformational change that is initiated at the pH 'sensor' and transduced to the TMS IV-XI assembly 53, 66 . The conformation of the TMS IV-XI assembly of NhaA is very sensitive to per turbations, as revealed by mutations 67 or binding by conformational monoclonal antibodies 68, 69 . Since these inverted repeats and discontinuous helices were found in NhaA, a similar fold with interrupted helices has been observed in the structures of diverse secondary 55 for growth on selective media, have been useful for cloning antiporter genes from E. coli and other bac teria, expressing these genes and characterizing both the native and mutant antiport properties 2, 3, 74, 75 . Three types of mutations affecting the NhaA pH response have been isolated: mutations that affect the apparent K m for the cation but do not shift the pHdependence of NhaA antiport under conditions of saturating ion concentra tions, mutations that affect only the pH dependence of the antiporter, and mutations that affect both the appar ent K m and the pHdependence of the antiporter even at saturating concentrations of the ions 67, 76 . Mutations that change only pH dependence are expected to affect the pH sensor, whereas mutations that change both K m and pH dependence are expected to affect one or both of the pH sensor and pH signal transduction [76] [77] [78] . By incor porating this mutation data into the threedimensional crystal structure, it is possible to locate the pH sensor at the orifice of the cytoplasmic funnel, separated by 15 Å from the binding site, which is located in the middle of the TMS IV-XI assembly 53 (FIG. 2a,b) . pHinduced conformational changes in NhaA. At least two types of conformational changes are expected for NhaA: pHinduced changes and Na + induced changes. Here, we focus on the changes that are induced by pH. pHinduced conformational changes in TMS I and TMS IX were identified by trypsin digestion of native NhaA 79 , NhaA binding by NhaAspecific mono clonal antibodies 80 and cryoelectron microscopy of twodimensional crystals 81 . An established approach for identifying conforma tional changes in membrane proteins is to monitor the accessibility of cysteine replacements to various thiol reagents from either side of the membrane 82 . Using this approach as a function of pH, the pHinduced . b | The residues that, when mutated, affect the pH response (magenta), the pH response and ion translocation (yellow) or translocation alone (black) are shown on the structure. c | The inverted repeat including TMSs III, IV and V and TMSs X, XI and XII (the TMS IV-XI assembly) is shown (with TMS XII removed for clarity), and the discontinuous helices (TMSs IV and XI) are coloured green. 
Cysteine-less protein
A protein that has had all the native cysteines replaced with other residues. If such a protein is active, it is useful for a range of structure-function experiments.
Multiconformation continuum electrostatics
A simulation program that uses a combination of biophysical approaches to calculate properties that facilitate the development of functional models.
pK
A property of a basic or acidic group that is related to the equilibrium constant of its ionization and is defined as the pH at which the group is half dissociated.
Acid acclimation
The ability of a Gram-negative neutralophile to maintain a periplasmic pH of close to neutral in highly acidic media, allowing both survival and growth.
conformational changes in NhaA were identified. The cysteine residues of NhaA were first replaced with serine to yield a cysteine-less protein, giving a minor effect on activity 83 . Then, single cysteine replacements in the cysteineless NhaA were tested for their acces sibility to various thiol reagents. Membranepermeant probes that ethylate cysteine in the presence of water 77 revealed the existence of waterfilled pockets in the protein 84 . Charged and membraneimpermeant probes identified residues that are exposed on the protein surface or through waterfilled funnels that are connected to the environmental water space 84, 85 . The distances between two cysteine replacements as a function of pH were estimated by bifunctional crosslinking reagents of known length 85 . Changes in these distances as a function of pH indicated pHinduced conformational changes in the antiporter 86 . The crystal structure opened the way for experi ments driven by structurebased computation. The protonation state of the ionizable residues in NhaA was investigated by multiconformation continuum electrostatics (MCCE) analysis. Four clusters of residues with tight electrostatic interactions were identified in a trans membrane arrangement 87 , two encompassing the pH sensor at the orifice of the cytoplasmic funnel, one at the active site and another at the periplasmic funnel (FIG. 2d) . Computational analyses predict a number of residues with extreme pK values, including several of the pH sensor residues. The sensor residues can only undergo protonation and deprotonation reactions sub sequent to conformational changes. The importance of these NhaA residues in pHinduced conformational changes has been validated by the characterization of proteins carrying sitedirected mutations at lysine 300 (REFS 86,88), glutamic acid 252 (REF. 84 ) and aspartic acid 65 (REF. 77 ). How the pHinduced conformational changes are integrated to yield the NhaA response is an open question, the answer to which could be sought by combining crystallographic models of NhaA conformers with experimental and computational analyses.
Alkaline pH homeostasis in E. coli depends on cation/ proton antiporters and is augmented by increased expression of amino acid dehydrogenases and F 1 F O ATP synthase. This system of alkaline pH homeostasis is a model for many other neutralophiles 13, 16, 17 . In the next section, we describe a distinct, intricate acid acclimation strategy that is used by the neutralophile H. pylori.
Helicobacter pylori acclimation to an acidic niche
The key to gastric colonization by H. pylori is periplas mic pH homeostasis. The periplasmic pH is maintained at ~6.1 despite an external pH of as low as 2.0. This peri plasmic pH facilitates the maintenance of a cytoplasmic pH of >7.0 and a Δψ of -100 mV, allowing growth in the gastric niche. Periplasmic pH homeostasis of H. pylori contrasts with the patterns in E. coli 89 and Gramnegative acidophiles 33 , in which the periplasmic pH is thought to be in equilibrium with the medium and not regulated in concert with the cytoplasm. Several key processes con tribute to periplasmic pH homeostasis in H. pylori, as discussed below.
H. pylori buffers its periplasm by using the products of the urease reaction. Urease is a key component of peri plasmic pH homeostasis, and H. pylori expresses the highest level of urease of any known microorganism 90 . The urease gene cluster consists of seven genes: ureA and ureB, encoding UreA and UreB, the structural subunits of the urease apoenzyme; ureE, ureF, ureG and ureH, encoding urease accessory proteins that are required for the insertion of nickel into the apoenzyme to produce active urease; and ureI, which encodes the pHgated inner membrane acidactivated urea channel (UreI) 91 . When open, the UreI channel allows urea to access cytoplasmic urease, leading to greatly increased produc tion of intrabacterial NH 3 and H 2 CO 3 . The NH 3 that is produced moves through to the periplasm and buffers the periplasm through the reaction H + + NH 3 → NH 4 + . However, to maintain a relatively neutral periplasmic pH, the NH 3 /NH 4 + couple is inadequate, as it is a very weak buffer at pH~ 6.0 (having a pK a (-log 10 K a , in which K a is the acid dissociation constant) of 9.23). The periplas mic pH of 6.1 is generated by the action of cytoplasmic βcarbonic anhydrase: this protein accelerates the conver sion of H 2 CO 3 to CO 2 , which then enters the periplasm and is converted to HCO 3 -and H + by membranebound αcarbonic anhydrase 92 (FIG. 3a) . H. pylori has further adapted to its environment by ensuring that the products of urease exit directly to the periplasm, thereby avoiding excess NH 4 + accumulation in the cytoplasm. . The urease activity of the intact wild type strain increases with decreasing medium pH, which is the converse of the pH curve obtained for free urease, and there is no such increase in the ureIknockout strain. Confirmation that UreI acts as a pHgated urea channel was obtained in Xenopus laevis oocytes injected with ureI coding RNA 95 . Studies of mutations and of chimaeras of ureI homologues with different pH dependences have revealed that the most likely mechanism for opening the channel of H. pylori is a change of hydrogen bonding due to histidine protonation in a periplasmic loop and in the carboxyterminal domain 97 . UreI can also transport CO 2 and NH 4 + , providing these molecules with rapid access to the periplasm. Thus, in wildtype organisms, the addition of CO 2 rapidly decreases the cytoplasmic pH owing to UreI permeation. Export of ureasegenerated NH 3 and NH 4 + through UreI avoids excessive alkalinization of the cytoplasm 98 .
Regulation of urease expression. Although urease activ ity is essential for infection and for survival of H. pylori at an external pH of below 3.5, the presence of urea at pH >3.5 results in the loss of H. pylori survival because of the rapid elevation of the pH of the medium to above 8.0 (REF. 99 ). This observation suggests that urease β α activity must be not only upregulated in acid, but also down regulated at more neutral pH levels during the gastric digestion phase. Evidence has emerged for both scenarios.
Two TCSs in H. pylori upregulate the expression of the urease gene cluster. The first, ArsRS, has a mem branebound autophosphorylating histidine kinase sensor, ArsS, and a phosphorylatable response regulator, ArsR. arsS mRNA is upregulated in vitro at pH 6.2 and increases fivefold at pH 4.5. arsR mRNA is also upregu lated threefold at pH 4.5 (REF. 51 ). Deletion of arsS abol ishes infectivity but has little effect on growth in vitro at pH 4.5 (REFS 100,101). Deletion of histidine 94, one of seven histidine residues in the periplasmic domain, abrogates the increased gene expression during acidi fication 102 . This TCS is also involved in the regulation of most of the genes listed in BOX 3 and another ~100 genes 103 .
A second cytoplasmic histidine kinase, FlgS, is required for survival at pH 2.5 but not at pH 4.5. Its response regulator for acid survival remains unknown 104 . FlgS also regulates many of the acid acclimation genes listed in BOX 3. We hypothesize that ArsRS responds to changes in periplasmic pH and FlgS supports cytoplasmic and periplasmic pH homeostasis when ArsS is overwhelmed.
Posttranscriptional recruitment of urease to the mem brane supports acclimation to an acidic pH. Membrane bound UreA and UreB levels increase at acidic pH, as observed by postsectioning immunogold staining of organisms that are incubated at pH 7.0 or pH 5.5 with UreIspecific and UreBspecific antibodies. When the distribution of UreA, UreB and UreE in isolated mem branes from wildtype H. pylori is compared at pH 7.4 and pH 4.5, there is a clear increase in the membrane association of these proteins at pH 4.5. Consistent with Urea crosses the outer membrane (OM) and then the inner membrane (IM) through the acid-activated urea channel (UreI) at an external pH of <6.0. Cytoplasmic urease forms 2NH 3 + H 2 CO 3 , and the latter is converted to CO 2 by cytoplasmic β-carbonic anhydrase (β-CA). These gases cross the IM, and the CO 2 is converted to HCO 3 -by the membrane-bound α-carbonic anhydrase (α-CA), thereby maintaining periplasmic pH at ~6.1, which is the effective pK a (-log 10 K a , in which K a is the acid dissociation constant) of the CO 2 /HCO 3 -couple. Exiting NH 3 neutralizes the H + that is produced by carbonic anhydrase, as well as the entering H + , and can also exit the OM to alkalize the medium. This allows maintenance of a periplasmic pH that is much higher than the pH of the medium 51, 95, 96 . b | The role of the pH-responsive two-component system (TCS) FlgS (encoded by the locus HP0244) in acid acclimation by H. pylori. Activation of this TCS results in recruitment of the urease proteins to UreI; the resultant immediate access of urea to urease and the outward transport of CO 2 , NH 3 and NH 4 + through UreI increase the rates of periplasmic buffering and disposal of cytoplasmic NH 4 + (REFS 51,94-96).
c | A simplified model representing regulation of the expression of the urease apoenzyme genes (ureA and ureB) by the ArsRS TCS (encoded by loci HP0166 (ArsR) and HP0165 (ArsS)). At neutral pH, ArsS is not activated and the response regulator, ArsR, is not phosphorylated. The unphosphorylated ArsR binds to the promoter of the gene encoding a small RNA that targets the ureB part of the ureAB mRNA (ureB-sRNA), leading to transcription of ureB-sRNA and consequent truncation of the ureAB mRNA, resulting in a decline in urease activity. This reflects the adaptation to non-acidic pH. At acidic pH, ArsS is activated and so ArsR is phosphorylated; the phosphorylated ArsR binds to the ureAB promoter to positively regulate the transcription of ureAB, resulting in upregulation of the ureAB mRNA and a consequent increase in urease activity. This reflects acid acclimation. Part b is modified, with permission, from acid activation of UreI, membranebound urease activ ity increases twofold at pH 4.5 relative to its activity at pH 7.4. This membrane recruitment is dependent on the expression of UreI 105, 106 and is not found in the absence of FlgS
98
. The association of urease with UreI in the mem brane is thought to allow entering urea to have immedi ate access to urease, resulting in a more rapid alteration of periplasmic pH without an obligatory elevation of cytoplasmic urease. Furthermore, the deletion of FlgS leads to a loss of periplasmic buffering 98 (FIG. 3b) .
Transcriptional downregulation of urease activity when leaving an acidic environment. Unphosphorylated ArsR regulates the expression of a cisacting small RNA (ureBsRNA). This results in the production of a 1.4 kb ureAB mRNA transcript instead of the full length 2.7 kb transcript 107 (FIG. 3c) . A mutated version of ArsR that cannot be phosphorylated exhibits specific binding to ureBsRNA in electrophoretic mobility shift assays.
Expression of this mutated ArsR, in which an aspartate is replaced by asparagine, also results in a large increase of the truncated form of ureAB mRNA in H. pylori. As the level of phosphorylated ArsR decreases with increasing pH, the amount of fulllength ureAB mRNA probably also decreases. Overexpression of ureBsRNA results in a large reduction of urease activity associated with truncation of ureAB mRNA.
In summary, H. pylori achieves pH homeostasis by buffering its periplasm using the products of the urease reaction and recruiting urease to the inner membrane in association with UreI, thus permitting urea to have rapid access to urease. Export of CO 2 , NH 3 and NH 4 + through UreI avoids excessive alkalization of the cyto plasm while buffering the periplasm. The membrane recruitment of the urease gene products depends on the activity of two pHdependent TCSs (FlgS and ArsRS). These acid acclimation processes seem to be unique to gastric Helicobacter spp., but there are many other
Box 3 | Habitat of Helicobacter pylori
The major site of colonization for Helicobacter pylori is the antrum of the stomach, which is an absorptive rather than a secretory epithelium. However, the organism also colonizes, to a lesser extent, the gastric fundus, where acid is secreted. Researchers have provided different explanations for the ability of H. pylori to colonize the stomach. Perhaps dominant in the field is the notion that the pH of the gastric surface is relatively neutral, so that specialized acid survival mechanisms are required only for transit from and to the gastric surface. Measurement of the surface pH of the stomach using glass-tipped or open-tipped pH microelectrodes suggested a relatively neutral pH layer until the luminal pH dropped to <3.0 (REF. 147). However, more recently, pH fluorimetric studies suggest that the surface pH is ~4.0 until it falls suddenly to below pH 2.0, so that there is no lumen-to-surface pH gradient 148 . Further, measurement of the surface pH of the H. pylori-infected mouse stomach suggests a disappearance of the putative gastric barrier to acid 149 . Given the conflicting results of the direct measurements, a transcriptome was generated from mRNA of H. pylori infecting the gerbil stomach, and this was compared to in vitro microarray transcriptomes generated at pH 7.4, and at pH 4.5 without or with urea to mimic the gastric surface (where there is a urea concentration of 3 mM) 51, 150 . As the pH of the gerbil stomach is similar to that of the human stomach and there are also similar consequences of infection (that is, gastritis, ulcers and carcinoma), this seems an appropriate animal model. The table below indicates the gastric or pH dependence of expression of those genes that are potentially involved in pH homeostasis. Most of these genes are more highly upregulated in the stomach in situ than at pH 4.5 in vitro, in particular the genes encoding the urease apoenzyme, ureA and ureB. These data strongly suggest an acidic habitat for H. pylori in the stomach, with a pH of <4.5.
Locus identifier Gene
Fold change in expression level* Encoded product 
Members of the ArsRS regulon (see main text for details).
§ Structural subunits of the urease apoenzyme.
Chemolithotrophic bacteria
Bacteria that can apply oxidation-reduction reactions to inorganic compounds to provide all the energy that they need for cell growth and maintenance processes.
ω-alicyclic fatty acid
Fatty acids with rings at the end.
natural environments that oscillate between acidic and neutral pH, making periplasmic buffering a distinct possibility in other Gramnegative bacteria.
Adaptations for homeostasis in extremophiles Extreme acidophiles. Extremely acidophilic bacteria include chemolithotrophic bacteria such as A. ferrooxidans, which have roles in geochemistry and bioleaching proc esses in mines 9, 108 . Adaptations of the respiratory chain complexes of A. ferrooxidans have been suggested to be important for addressing the problems that arise from the interplay of its physiology and the environment [109] [110] [111] .
A. ferrooxidans derives energy from oxidation of ferrous ions by oxygen. Loss of substrate ion by autooxidation is decreased at very acidic pH values, and the energetics of ferrous iron oxidation by A. ferrooxidans are also more favourable; nonetheless, relying on this energy source still necessitates a 'parsimonious' life style, making the challenge of coping with extreme acidity even more com plicated 109 . Some extreme acidophiles are heterotrophic bacteria, such as thermoacidophilic Alicyclobacillus acidocaldarius, which contains an unusual ω-alicyclic fatty acid as a major membrane component 9, 112 . These acido philes all maintain a cytoplasmic pH of ~6.0, lower than that of neutralophiles, while growing at an external pH of <3.0 
.
The large ΔpH of extreme acidophiles -alkaline inside relative to the acidic outside -is maintained by active mechanisms and is supported by the 'reversed' Δψ -positive inside relative to outside (see BOX 1) 109, [113] [114] [115] . An acidophile F 1 F O ATP synthase with the typical eight subunits has an optimum pH of 8.5 for its hydrolytic activity in assays using membraneassociated enzyme; the protontranslocating asubunit and csubunit of the enzyme have some deviations from neutralophile syn thases, but whether these subunits are adaptive to the unusual PMF pattern is not yet known 116 .The PMF pat tern of acidophiles results in sensitivity of these bacteria to organic acids, because of the large ΔpH, and to toxic anions, because of the insidepositive Δψ 9 .
Extreme alkaliphiles. The pH homeostasis of extreme alkaliphiles has been most extensively studied in Bacillus spp. such as B. pseudofirmus OF4 and Bacillus halodurans C-125, which can grow nonfermentatively (that is, without fermentative acid generation) at pH ≥10.0 . In pHcontrolled continuous cultures on malatecontaining media at a series of pH values, alkali philic B. pseudo firmus OF4 maintains complete pH homeostasis (that is, a cytoplasmic pH of ~7.5) only at external pH values of 7.5-9.5, but it grows optimally in an external pH of up to ~10.5, at which its cytoplasmic pH is 8.3 (REF. 120 ). By contrast, a cytoplasmic pH of 8.0 causes growth arrest of neutralophiles 47, 121 . The alkaliphile still grows, although more slowly, with a cytoplasmic pH of ≥9.5 at an external pH of ≥11.0 (FIG. 4a) . The two largest subunits, MrpA and MrpD, show homology with each other and with three membrane embedded subunits of protonpumping NADH oxido reductases (complex I) of the respiratory chain 122, 123 . MrpA also has a 'MrpB' domain that has homology with MrpB. These domains are functionally important but, like other aspects of the Mrp antiporter complexity, the role of the MrpB domain is yet to be deciphered [124] [125] [126] . All of the Mrp proteins are required to form a hetero oligomeric complex and all are required for Mrp antiport activity [125] [126] [127] , in contrast to the situation for most bacte rial antiporters (for example, NhaA), which are single gene products 2, 123 . It is speculated that a large Mrp protein surface on the external face of the cytoplasmic membrane forms a large proton funnel that helps support the observed kinetic competence of Mrp antiporters in environments with low external proton concentrations 123, 125 . The ongoing requirement for cytoplasmic Na + to sup port high levels of alkaliphile antiport activity is met by numerous Na + /solute symporters and two Na + channels: the flagellaassociated (MotPS) channel and a voltage gated Na + channel (Na V BP) 128-131 (FIG. 4b) . Less is known about the antiporters that have major roles in anaerobic alkaliphiles or Gramnegative alkaliphiles, but the poly extremophilic anaerobe Natranaerobius thermophilus, a halophilic, thermophilic alkaliphile, has a large complement of both Na 21, 133 . The ATP synthases of aerobic alkaliphilic Bacillus spp. function in the syn thetic direction. They have specific sequence motifs in protontranslocating subunita and subunitc that sup port function at high pH and guard against cytoplasmic proton loss during ATP synthesis [134] [135] [136] [137] . Mutations of these motifs to the nonalkaliphile consensus sequence leads to reduced ATP synthase activity, usually with a greater effect at pH 10.5 than at pH 7.5. The magnitude of the defect in ATP synthase activity correlates with a loss of the capacity for pH homeostasis during a sudden alkaline shift in external pH 134, 137 . Some mutations in the ATP synthase motifs also lead to proton leakiness 134, 136, 137 . Thus, the alkaliphile ATP synthase is adapted to promote both function in pH homeostasis and ATP synthesis at high pH.
Recently, the atomic structure of the rotor from the B. pseudofirmus OF4 ATP synthase, a homooligomeric ring composed of 13 hairpinlike csubunits, was revealed Beneath this, the protein schematic shows the oxidoreductase NDH1 domains in MrpA and MrpD, and also in the complex I proteins NADH-quinone oxidoreductase L (NuoL), NuoM and NuoN, as well as the MrpB domains in MrpA and MrpB. Dark blue denotes the locations of conserved, functionally important glutamic acid and lysine residues 72, 73, 124, 125 . b | The external and cytoplasmic pH, the transmembrane electrical potential (Δψ), the secondary cell wall polymers (SCWPs; for example, the S-layer in Bacillus pseudofirmus OF4) and the Na + and H + cycles that support pH homeostasis in B. pseudofirmus OF4. Active proton uptake occurs through the crucial Mrp antiporter, other antiporters and ATP synthase. The energetic driving force is from two proton-pumping respiratory complexes. The dashed box indicates the suggested capture of protons by the ATP synthase near the membrane surface, before they fully equilibrate with the outside liquid phase. Na + re-entry, which supports continuous antiport, occurs through Na by threedimensional Xray crystallography 138 . Two major alkaliphilespecific motifs -AxAxAxA in the amino terminal helix and PxxExxP in the carboxyterminal helix -that are functionally important at high pH 136,137 seem to influence the properties of the ionbinding site, includ ing the presence of a water molecule (FIG. 4c) . Together, these features of this cring are proposed to support the high affinity of the binding sites for protons 138 , and some of these features decrease the growth capacity of B. pseudofirmus OF4 at a nearneutral external pH 13 .
Perspectives
Much has been learned about individual strategies for bacterial pH homeostasis and the molecules that are involved, but bacterial pH homeostasis is a cellwide physiological process that deploys and integrates these strategies differently depending on other environmental factors (for example, oxygen availability and salinity). The development of systemslevel models will depend on further efforts to gather broadbased, quantitative 'omics' information as a function of pH under differ ent conditions. Such models will also require detailed molecular information about the stoichiometry of the reactions and about the kinetic and mechanistic proper ties of key transporters, as has been obtained for E. coli NhaA. Data of both types are particularly scarce for extremo philes, but such systems models would enhance our understanding of extremophile adaptations and facili tate the application of that understanding to ecological set tings (for example, for bioleaching and bioremediation). For pathogenic bacteria, the insights that may emerge from a detailed understanding of the integrated process of pH homeo stasis should lead to the identification of new antibiotic targets and strategies.
